We describe here the design, synthesis and evaluation of in vivo local anaesthetic and antiarrhythmic activities of a series of N-alkylproline anilides. Most of the compounds demonstrated surface anaesthetic activity higher than that of lidocaine, ropivacaine and bupivacaine. We established that the local anaesthetic activity was sensitive to structural variations in the substitution pattern at the aromatic ring and the type of alkyl group at the proline nitrogen atom. Some of the prepared N-alkylproline anilides possessed significant antiarrhythmic activity with higher therapeutic indexes than the reference drugs.
Synthesis, local anaesthetic and antiarrhythmic activities of N-alkyl derivatives of proline anilides

Introduction
Local anaesthetics are drugs clinically used to produce reversible loss of sensation in a confined area of the body. Nowadays local anaesthetics play an important role in clinical management of acute, chronic and cancer pain [1] [2] [3] . Moreover local anaesthetics represent one of the most frequently used in daily medical practice groups of drugs [4] . At the same time, application of available anaesthetics was reported [5, 6] to induce some severe adverse effects including life threatening conditions, signifying therefore importance of development of new safer local anaesthetic agents.
The first clinically available amide based local anaesthetic, lidocaine ( Fig. 1) , was synthesized by Swedish chemist Nils Lofgren in 1943 [7] . This drug was characterized by fast onset of action, strong and relatively long lasting effect, exceeded by these parameters ester based anaesthetics of that time. Lidocaine opened a new avenue for development of local anaesthetics and its structural features, such as tertiary amino group and arylamide moiety connected with one carbon atom, became a classical pattern for most of the modern local anaesthetics ( anaesthetics [8] [9] [10] . At the same time effective anaesthetics, derivatives of proline, namely cyclomecaine and pyromecaine were developed [11] . However, therapeutic application of these drugs is limited due to their substantial general toxicity [12] and associated side effects [13, 14] .
Furthermore, a discovery of antiarrhythmic properties of lidocaine in the event of ventricular fibrillation during cardiac catheterisation [15] initiated a number of studies devoted to search of new local anaesthetics and antiarrhythmics among arylamides of α-amino acids [16, 17] . It has been established that both the anaesthetic and antiarrhythmic effects realise via the same mechanism involving mainly blocking voltage-gated sodium [18] , calcium [19] and to some extent potassium [20] channels thus causing membrane stabilisation and therefore preventing initiation of the action potentials. Since that time, further development of anaesthetic and antiarrhythmic drugs has been often parallel.
Although the main trend in modern drug design and development inclines towards search for agents highly selective against one particular target, it appears that all clinically available anaesthetics are scarcely selective to any specific type and subtype of the ion channels. They all have been discovered on the basis of in vitro and in vivo tests assessing changes in the neurone functions. This can be attributed to incomplete knowledge of actual role of each type and subtypes of the ion channels in the activity. Therefore it seems practical to conduct search for new anaesthetic and antiarrhythmic agents using assays based on the desirable therapeutic outcome.
In this study we focus on the compounds with the N-alkyl proline core, which seems to be preferable over N-alkyl homoproline due to lower toxicity of the derivatives based on this scaffold [9] . Herein we report synthesis and biological activity of N-alkyl derivatives of proline anilides, which can be considered as structural analogues of cyclomecaine, one of the most potent modern local anaesthetics [11, 21] . Effects of two types of structural variations on the anaesthetic and antiarrhythmic activity were explored: (1) substituents on the phenyl ring of the anilide fragments and (2) type of alkyl group at the nitrogen atom of the proline fragment. The activity and toxicity of the compounds were compared with structurally related cyclomecaine and widely used anaesthetics lidocaine, bupivacaine and ropivacaine.
Chemistry
The synthesis of N-alkyl derivatives of proline anilides (4) for pharmacological investigations was performed as outlined in Scheme 1. The design of the synthetic pathway allowed exploration of substitution at the two critical for biological activity positions of the final compounds
4.
The bromination of 5-chloropentanoic acid (1) in α-position using molecular bromine in the presence of phosphorus trichloride afforded 2-bromo-5-chloropentanoic acid, which was converted into corresponding acid chloride 2. Then arylamides of 2-bromo-5-chloropentanoic acid (3) were prepared by treatment of 2 with various anilines in mild conditions. The treatment of 3 with primary alkylamines under heating in toluene resulted in the intramolecular cyclization with formation of arylamides of N-alkylprolines, which were further converted into the corresponding hydrochloric salts 4. ortho-Toluidide of N-methylproline (4a) has been previously reported and its physicochemical and spectral characteristics are in agreement with the literature values [22] .
In DMSO solution, most of the anilides of N-alkylproline hydrochlorides (4) appeared as a mixture of two diastereomers due to the second stereogenic center introduced by protonation of the proline nitrogen. The diastereomer ratio depends on the type of substituents and conditions of the NMR experiments. Thus, only one cis-form was observed for 4a and 4m. Despite of evident stabilization of the trans-form via intramolecular hydrogen bonding, this form was always minor and its content in the mixture never exceeded 20%.
Results and discussion
All synthesised compounds (4a-4p) were evaluated in vivo for their local anaesthetic and antiarrhythmic activities. Initial screening of the compounds for local anaesthetic activity was performed using a commonly used surface anaesthesia model on rabbit cornea [23] . Further elaboration in the rat infiltration anaesthesia model [24] was carried out for the most promising compounds.
Surface local anaesthetic activity
Surface anaesthetic activity of the compounds was evaluated in white New Zealand rabbits using the corneal reflex test [23] . This test was used as the initial screening model due to its high sensitivity and relative simplicity. Most of the prepared compounds were found to possess surface anaesthetic activity in this test at 1% concentration ( Table 1) .
The results of structure-activity relationship analysis revealed some important features responsible for the anaesthetic effect of the compounds. Classical substitution pattern in the aromatic ring of local anaesthetics of the arylamide class ( Fig. 1 ) typically include at least one methyl group in the ortho-position (e.g. prilocaine), more often two (e.g. lidocaine, bupivacaine and ropivacaine) and sometimes the third one in para-position (e.g. trimecaine, cyclomecaine and pyromecaine). We also found that in our series of compounds, methyl substituent was optimal for the activity. Even slight increase in the length of the alkyl chain from methyl (compound 4c) to ethyl (4g) group dramatically reduced surface local anaesthetic activity. We believe that this fact was linked with a clearly observable local irritative effect of 4g. Similarly to the previously reported data [9, 22] , we found that increase in the number of methyl groups translated into increase of potency and duration of local anaesthetic effect. Interestingly, 2,4-and 2,6-xylidides (4d and 4e) demonstrated almost no difference in the activity. Changing the ortho-methyl to trifluoromethyl group or a halogen significantly decreased depth and duration of the surface anaesthesia.
Introduction of a second halogen in para-position resulted in complete loss of anaesthetic effect.
Type of the N-alkyl substituent at the pyrrolidine ring was found to be critical for the surface local anaesthetic activity. The N-methyl and ethyl substituted 4a and 4b possessed no anaesthetic activity in this assay. It appeared that the alkyl substituent should contain more than two carbon atoms. Extension of the chain from n-butyl (4c) to n-pentyl (4k) and further to n-hexyl (4l) in Nalkyl proline ortho-toluidides led to some increase of the Regnier index and significantly lengthened the anaesthetic activity. Making the alkyl chain even longer seemed to be unnecessary due to local irritative effect and poor aqueous solubility, previously reported for the similar structures with longer N-alkyl chain in the pyrrolidine ring [22] . The cyclohexyl substituted derivatives 4n and 4o demonstrated practically the same level and duration of anaesthesia as their corresponding n-butyl analogues 4c, e. Interestingly, despite recent reports [25] [26] [27] on high in vitro sodium channel blocking potential of 2,6-xylidine analogue of 4m -NeP1 ( Fig. 1 ), introduction of a N-benzyl moiety into the pyrrolidine ring of ortho-toluidine derivative appeared to abolish anaesthetic activity. All the above observations were found to be very close to those earlier reported [22] for the analogous mesidides and seemed to be general for this class of local anaesthetics.
Infiltration local anaesthetic activity
The most active in the surface local anaesthesia test compounds (4d, 4l and 4o) were subjected to the infiltration anaesthesia assay in rats [24] . The anaesthetic activity was assessed by Bupivacaine was found to be active for 155.0±11.5 min with 102.5±37.9 min of the complete anaesthesia.
In general, 4d, 4l and 4o were more active than lidocaine, ropivacaine and bupivacaine in inducing surface anaesthesia, though duration of their effects was shorter than that of bupivacaine.
At the same time, these compounds (4d, 4l and 4o) were less potent in the infiltration anaesthesia assay than bupivacaine and seemed to be less suitable for this type of therapeutic applications.
Significantly lower toxicity of 4o compare to the reference drugs (vide infra) was one of the main advantages making this compound a suitable candidate for further investigations.
Antiarrhythmic activity
Antiarrhythmic activity of the synthesized compounds was estimated by their ability to prevent mortality in the event of calcium chloride induced arrhythmia in mice [28] . To exclude contribution of the intrinsic toxicity of the compounds to the mortality, acute toxicity (LD 50 ) [29] of the compounds in mice was estimated prior to their testing in the antiarrhythmic assay. Effective dose (ED 50 ) was determined only when it was less than ½ of LD 50 .
In general, the compounds active in the anaesthetic tests also were found to be effective in the antiarrhythmic assay. However, unlike the local anaesthetic activity, antiarrhythmic properties of the compounds tolerated various types of ortho-subtituents at the phenyl ring if other positions remained intact. Moreover, ortho-methyl substituted compounds were more toxic than their corresponding analogues. Introduction of the second methyl group in position 4 (para) decreased toxicity of the compounds (4e and 4o), while the same group in position 6 (ortho) significantly increased toxicity (4d). It seems that for cyclomecaine with the 2,4,6-trimethyl substitution, methyl groups in positions 4 and 6 cancelled effects of each other in terms of toxicity, but appeared to be very beneficial for the antiarrhythmic effect.
Similarly to the local anaesthetic activity, four or more carbons in the chain of N-alkyl substituent at the pyrrolidine ring were required for the compounds to possess antiarrhythmic properties. N-Methyl and ethyl substituted 4a and 4b were inactive at the tested doses. However, in contrast to the local anaesthetic activity, increasing the alkyl group size did not correlate with improvement of antiarrhythmic activity. N-Benzyl substituted 4m, which was inactive in the surface local anaesthesia assay, appeared to be effective in the prevention of calcium chloride induced arrhythmia in mice.
In general, six compounds (4f, 4h, 4k, 4l, 4o and 4p) exhibited better than the reference drugs antiarrhythmic/toxicity profile. The combination of N-cyclohexyl substitution in pyrrolidine ring and 2,4-xylidide moiety (compound 4o) were found to be optimal, balancing high potency and relatively low toxicity. Antiarrhythmic index of this compound (7.3) significantly exceeded the same parameter of the reference drugs. Another even less toxic candidate for further development as an antiarrhythmic agent could be 4p with the antiarrhythmic index of 6.9. ortho-Chloroanilide 4p exhibited relatively low anaesthetic activity, but could be interesting for further development as an antiarrhythmic agent with low toxicity.
Experimental
Chemistry
Melting points (uncorrected) were determined on a Gallenkamp melting point apparatus in open capillaries. The 1 H NMR spectra were recorded on a Mercury-300BB spectrometer (300 MHz)
in CDCl 3 and DMSO-d 6 using TMS as an internal standard.
2-Bromo-5-chloropentanoic acid (2)
5-Chloropentanoic acid (1, 52.2 g, 0.382 mol) and dry bromine (76.8 g, 0.480 mol) in the presence of phosphorus trichloride (4 ml, 45.8 mmol) were heated on water bath at 80°C for 20 h, then the heating was continued at 100°C for 2 h. After cooling to ambient temperature, the reaction mixture was treated with 250 ml of water. The organic layer was extracted with benzene (3 times).
After drying over anhydrous MgSO 4 , the solvent was evaporated under reduced pressure to give 75.1 g of 2-bromo-5-chloropentanoic acid (2) 
2-Bromo-5-chloropentanoic acid chloride (3)
2-Bromo-5-chloropentanoic acid ( 
Hydrochlorides of o-toluidide of N-methylproline (4a) and o-toluidide of N-ethylproline (4b)
Solution of 2-bromo-5-chloropentanoic acid chloride (2, 23.4 g,100 mmol) in chloroform (40 ml) was added dropwise at 0-5 °C during 45 min to the mixture of o-toluidine (10.72 g, 100 mmol) and triethylamine (10.1 g, 100 mmol) in chloroform (50 ml) and the reaction mixture was heated under reflux for 1 h. After cooling, the mixture was treated with 3% hydrochloric acid (100 ml) and the organic layer was collected, washed with water to neutral pH and evaporated. The residue was recrystallized from hexane to give o-toluidide of 2-bromo-5-chloropentanoic acid (3), which was dissolved in toluene (30 mmol in 100 ml), mixed with potassium iodide (0.2 g, 1.2 mmol) and treated with dry gaseous methylamine or ethylamine via bubbling for 6 h. The precipitate was filtered off and the filtrate was treated with saturated K 2 CO 3 aqueous solution (100 ml). The organic layer was collected, dried over anhydrous MgSO 4 and evaporated under reduced pressure. The residue was dissolved in dry diethyl ether and treated with gaseous HCl. The precipitated product was filtered, washed with acetone and recrystallized from acetonitrile (for 4a) or acetone/diethyl ether (for 4b) providing corresponding o-toluidides of N-alkylproline hydrochlorides (4a and 4b). 
o-Toluidide of N-methylproline (4a)
o-Toluidide of N-ethylproline (4b)
Hydrochlorides of anilides of N-alkylproline (4c-4p)
Solution of 2-bromo-5-chloropentanoic acid chloride (2, 23.4 g,100 mmol) in chloroform (40 ml) was added dropwise at 0-5 °C during 45 min to the mixture of substituted aniline (100 mmol) and triethylamine (10.1 g, 100 mmol) in chloroform (50 ml) and the reaction mixture was heated under reflux for 1 h. After cooling, the mixture was treated with 3% hydrochloric acid (100 ml) and the organic layer was collected, washed with water to neutral pH and evaporated. The residue was recrystallized from hexane to give anilides of 2-bromo-5-chloropentanoic acid (3), which were dissolved in toluene (30 mmol in 100 ml), mixed with triethylamine (6.1 g , 60 mmol) and primary alkylamine (45 mmol). Then potassium iodide (0.2 g, 1.2 mmol) was added and the reaction mixture was heated under reflux for 25 h. After cooling, the precipitate was filtered off and the filtrate was treated with saturated K 2 CO 3 aqueous solution (100 ml). The organic layer was collected, dried over anhydrous MgSO 4 and evaporated under reduced pressure. The residue was dissolved in dry diethyl ether and treated with gaseous HCl. The precipitated product was filtered, washed with acetone and recrystallized from appropriate solvent providing anilides of Nalkylproline hydrochlorides (4). 
o-Toluidide of N-butylproline (4c)
1,4-Xylidide of N-butylproline (4e)
o-Trifluoromethylanilide of N-butylproline (4f)
o-Ethylanilide of N-butylproline (4g)
o-Iodoanilide of N-butylproline (4h)
Yield
2,4-Dichloroanilide of N-butylproline (4i)
2,4-Dibromoanilide of N-butylproline (4j)
o-Toluidide of N-benzylproline (4m)
Biological activity
Surface local anaesthetic activity assay
Surface anaesthetic activity was evaluated in white New Zealand rabbits using modified
Regnier corneal reflex test [23] . Briefly, aqueous solutions (1%, 0. 
Infiltration local anaesthetic activity assay
Infiltration anaesthetic activity of the compounds was evaluated in Wistar rats using modification of the reported method [24] . Briefly, after identification of sensitive areas on the shaved skin of lumbar region of the rat back and determination of the electrical stimulation (rectangular pulses, 0.36 to14.0 V, 0.3 ms, 50 Hz) threshold initiating the surface muscle contraction, the animals were injected with 0.5% solution of the tested compounds or reference drugs in saline (0.2 ml, intradermally and 0.2 ml, subcutaneously). The electrical stimulation required to cause the muscle contraction was measured in 3 and 5 min after the injection; then the measurements were continued with 5 min intervals until recovery to the initial threshold value. The depth of anaesthesia was expressed as a percentage change in the stimulation threshold compare to the initial value. Increase of the stimulation threshold value more than 2 times was considered as 100% anaesthesia. Each compound was evaluated on 6 rats.
Antiarrhythmic activity assay
Antiarrhythmic activity was evaluated in Swiss albino mice using calcium chloride-induced arrhythmia model [28] . The compounds and reference drugs were administrated i.v. in the doses up to ½ LD 50 . After 15 min, cardiac arrhythmia was induced by i.v. injection of calcium chloride solution (3%, 280 mg/kg). The antiarrhythmic efficacy of the compounds was expressed as mean effective doses (ED 50 ) preventing arrhythmia associated mortality.
Toxicity evaluation
The acute toxicity of the compounds was determined using albino Swiss mice of both sexes with body weight 18-22 g. The aqueous solutions of the compounds were injected via the tail vein in increasing doses. After the treatment, animals were observed for possible mortality cases and behavioural changes for 72 h. LD 50 values were estimated according to reported method [29] . 
